In particular, during 20th-century pandemics, disproportionate rates of severe influenza infection among pregnant women have been observed in numerous studies. [3] [4] [5] More recently, during the 2009 pandemic, case reports of increased morbidity and mortality in otherwise healthy pregnant women indicated that pregnant women infected with influenza A(H1N1) were at substantially higher risk for hospitalization and intensive care unit admissions with a disproportionately severe clinical course. 2, [6] [7] [8] [9] During the 2009-2010 vaccination season, influenza vaccination with inactivated monovalent vaccines was recommended to all pregnant women and increased vaccination rates were observed in a number of countries.
10,11
Influenza vaccines can provide moderate protection against influenza infection in healthy adults, depending on how well the vaccine composition matches the circulating strains. 12, 13 In pregnant women, an additional protective effect can be achieved for their infants. 14, 15 As with any health care intervention, especially when preventive and given to the vulnerable population of pregnant women, maternal influenza vaccination needs a solid evidence base regarding its safety. Several studies investigating potential adverse effects of the pandemic A(H1N1) vaccine have supported that influenza A(H1N1) vaccination does not increase the risk for major pregnancy and birth adverse outcomes, such as birth defects, fetal death, intrauterine growth restriction, and preterm delivery. [16] [17] [18] However, there is a dearth of studies looking at adverse effects in the offspring of A(H1N1)-vaccinated mothers beyond the perinatal period and into early childhood. To provide further insights into potential adverse effects manifesting outside of the perinatal period, we conducted a study of longterm adverse events following pandemic influenza A(H1N1) vaccination in pregnancy in the general Danish population including 6308 vaccinated pregnant women.
Methods

Cohort
The study included live-born children from pregnancies that overlapped the A(H1N1) influenza vaccination campaign in Denmark, which was defined as November 2, 2009, to March 31, 2010. We defined the study cohort using the Danish Medical Birth Registry. 19 This register holds information on all deliveries by women living in Denmark. The recorded information on each birth includes date of delivery, gestational age, and a range of other information about the newborn and the course of pregnancy and delivery. Also included is a range of information about the mother (eg, parity, body mass index, and smoking status). Gestational age in the Medical Birth Registry is defined on the basis of the first day of the last menstrual period and is for most women corrected by ultrasonography in the late first or early second trimester. The onset of pregnancy was defined as the first day of the last menstrual period and was calculated by subtracting the recorded gestational age from the date of birth. Information on death, emigration, and disappearance from national registers (eg, emigrating without informing authorities) of the children in the cohort was obtained from the Danish Civil Registration System.
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This study was approved by the Danish Data Protection Agency; informed consent is not required for register-based research in Denmark.
We restricted the cohort to include singleton children born to women who were 18 to 44 years of age at pregnancy onset. Among mothers who had more than 1 pregnancy overlapping the study period, only the first was included. We also excluded births with a gestational age of less than 32 weeks (because preterm birth shortens the period of vaccination during pregnancy); births among women who had lived less than 5 years in Denmark (to ensure adequate capture of covariate information for the mothers); births among women who had been vaccinated before pregnancy onset; and children with diagnoses of chromosomal aberrations, genetic disorders, birth defect syndromes with known causes, and congenital viral infections possibly associated with birth defects (rubella, cytomegalovirus, herpes simplex, hepatitis, other viral infections including varicella, and unspecified congenital viral disease).
Vaccinations
Information on vaccination status and date of vaccination for the mothers was obtained from the national A(H1N1) vaccination database, established at Statens Serum Institute. 21 In Denmark, the only vaccine used was the monovalent inactivated AS03-adjuvanted split virion influenza A(H1N1)pdm09 vaccine (Pandemrix; GlaxoSmithKline Biologicals). During the campaign, clinics administering the A(H1N1) vaccine were mandated by law to report all vaccinations to the Danish Board of Health. Furthermore, reimbursement from the Danish Health Insurance was made only after information on dates and details had been reported. Information on vaccinations may therefore be considered close to complete. The A(H1N1) vaccination campaign in Denmark targeted individuals with chronic diseases, key government officials, public-safety workers, and pregnant women. 22 Pregnant women with chronic disease were recommended to get vaccinated during their first trimester. Pregnant women without chronic disease could get vaccinated after individual assessment by a physician.
nal A(H1N1) vaccination in the first and second to third trimester. The first model included children whose mothers were vaccinated in the first trimester and children whose mothers were not vaccinated during pregnancy. Correspondingly, the second model included children whose mothers were vaccinated in the second or third trimester and children whose mothers were not vaccinated. Both models included the same predictors. All variables included in the propensity score models are listed in Table 1 . After propensity score estimation, we created 2 distinct propensity score-matched cohorts for maternal vaccination in the first and second to third trimester. The propensity score matching was conducted using the nearest neighbor-matching algorithm (caliper width of 0.05 of the SD of the logit score) on a ratio of 1:4. Standardized mean differences were calculated to assess balance. Covariates with differences less than 10% were considered well balanced.
Outcomes
All outcomes were based on information from the Danish National Patient Register. 24 This nationwide register holds information on all hospital contacts in Denmark, including date of admission and discharge, setting of care (in terms of outpatient, inpatient, and emergency department services), and diagnoses (classified according to International Statistical Classification of Diseases and Related Health Problems, Tenth Revision codes). For the analyses of first hospitalization and all hospitalizations (the primary study outcomes), the outcomes were based on any inpatient hospital admission after start of followup. In the analysis of all hospitalizations, the number of hospitalizations was based on a definition in which a new admission was required to be preceded by at least 1 day outside hospital since the date of previous hospital discharge. For the analyses of individual infectious diseases and individual neurologic, autoimmune, and behavioral conditions, the outcomes were based on primary and secondary diagnoses codes identified from inpatient and outpatient hospital contacts. Specific International Statistical Classification of Diseases and Related Health Problems, Tenth Revision codes for the included individual conditions are presented in the eTable 1 in the Supplement.
The children in the cohort were followed up from the date of hospital discharge after birth. For the analyses of first hospitalization, follow-up was censored at the date of the first hospital admission. For the analyses of individual conditions, follow-up was censored at the date of an event of the individual outcome under study. Other censoring criteria for all analyses were death, emigration, or disappearance; becoming 5 years of age; and end of follow-up (December 31, 2014).
Statistical Analysis
The analysis of first hospitalization was conducted using proportional hazards regression yielding hazard ratios (HRs). The analyses of individual conditions and all hospitalizations were conducted using Poisson regression yielding rate ratios (RRs). 25 For the latter analysis, generalized estimating equations 26 were used to take into account the possibility of nonindependence between consecutive hospital admissions in the same child. For covariates with missing values, we treated missing values as a separate category except for variables with very few missing values (<1.0%) where we used mode imputation. The proportion of missing was less than 5% for all 5 covariates that had missing values (Table 1) . We considered effect estimates to be statistically significant if the 95% CI did not overlap 1. Analyses were performed with SAS software version 9.4 (SAS Institute).
Results
We identified a total of 69 598 children from pregnancies that overlapped the A(H1N1) vaccination period; 61 359 children were available for study inclusion: 55 048 with unvaccinated mothers, 349 with mothers who were vaccinated in the first trimester, and 5962 with mothers who were vaccinated in the second or third trimester ( Figure 1 ).
First Trimester Cohort
The baseline characteristics of mothers vaccinated in the first trimester before propensity score matching are shown in Table 1 . Compared with mothers who were unvaccinated, mothers vaccinated in the first trimester were more likely to be in the age group of 35 to 44 years of age; were more likely to be overweight or obese and less likely to be of normal weight; were more likely to have had a diagnosis of cardiovascular, neurological, and rheumatic disease, as well as inflammatory bowel disease and disorders of the genital tract; were more likely to have been hospitalized for more than 5 days in the year prior to pregnancy; had more outpatient hospital contacts; and had more prescription drug use, both in terms of treatments for specific conditions and the number of different drugs used.
The matched cohort included 347 children to vaccinated mothers and 1383 children to unvaccinated mothers. After propensity score matching, unvaccinated and vaccinated mothers were similar on all measured characteristics; the baseline characteristics of the matched cohort are shown in Table 1 . Standardized mean differences are shown in eTable 2 in the Supplement; all covariates were well balanced.
The results from the analyses of first hospitalization are shown in Figure 2A . A total of 858 children were hospitalized during follow-up: 675 children to unvaccinated mothers (rate of hospitalization per 1000 person-years, 171.6) and 183 children to mothers vaccinated in the first trimester (rate of hospitalization, 199.3). The risk for first hospitalization was not significantly higher among children to mothers vaccinated in the first trimester compared with children of unvaccinated mothers at 5 years' follow-up (HR, 1.13; 95% CI, 0.96-1.32). The estimates were similar at 1 and 3 years' follow-up. Table 2 shows the results from the analysis of all hospitalizations. Maternal first trimester vaccination was not associated with an increased number of hospitalizations at 5 years' follow-up (RR, 1.17; 95% CI, 0.94-1.45). Similarly, the number of hospitalizations was not significantly higher at 1 or 3 years' follow-up. The analyses of individual infectious diseases and neurological and behavioral conditions are presented in Figure 3 . First trimester maternal vaccination was not associated with a significantly increased risk for 22 of the 23 individual outcomes; the risk for other infections was increased (RR, 1.71; 95% CI, 1.08-2.73). Taking multiple comparisons into account using Bonferroni-corrected confidence intervals, there was no significantly increased risk (RR, 1.71; 95% CI, 0.83-3.56).
Second or Third Trimester Cohort
Characteristics of mothers vaccinated in the second or third trimester before matching are shown in Table 1 . Vaccinated mothers were less likely to be 18 to 24 years of age; more likely to be married; more likely to have a medium or long tertiary education; more likely to have an income in the top distribution tertile; less likely to be nulliparous; and more likely to have 1 to 2 children.
After matching, the cohort for the analyses of second or third trimester vaccination included 5961 children to vaccinated mothers and 23 603 children to unvaccinated mothers; the 2 groups were well balanced on all measured prepregnancy maternal characteristics (Table 1 and eTable 2 in the Supplement). Figure 2B shows the risk for first hospitalization in the matched cohort. During follow-up, 13 260 children were hospitalized: 10 633 children to unvaccinated (rate of Results from the analyses of all hospitalizations are shown in Table 2 . Vaccination in the second or third trimester was not associated with an increased number of hospitalizations at 5 years' follow-up (RR, 0.93; 95% CI, 0.87-0.99); risks were similar for second trimester vaccination (RR, 0.92; 95% CI, 0.85-0.99) and third trimester vaccination (RR, 0.94; 95% CI, 0.85-1.03). Truncating follow-up at 1 year (RR, 0.93; 95% CI, 0.87-0.99) and 3 years (RR, 0.96; 95% CI, 0.90-1.01) yielded similar results: no significantly increased risks. Figure 3 shows the results from the analyses of individual conditions. Vaccination in the second or third trimester was associated with a significantly increased risk for sepsis (RR, 1.96; 95% CI, 1.26-3.05) and Sjögren syndrome (RR, 1.59; 95% CI, 1.04-2.44). This was offset by significantly decreased risks for upper respiratory infections (RR, 0.92; 95% CI, 0.85-0.99) and gastrointestinal infections (RR, 0.84; 95% CI, 0.74-0.94). Taking multiple comparisons into account using Bonferroni-corrected confidence intervals, there was no significantly increased risk for sepsis (RR, 1.96; 95% CI, 0.98-3.91) and Sjögren syndrome (RR, 1.59; 95% CI, 0.82-3.11) or reduced risk for upper respiratory infections (RR, 0.92; 95% CI, 0.81-1.03) and gastrointestinal infections (RR, 0.84; 95% CI, 0.70-1.00).
Discussion
In this comprehensive cohort study of Danish children born to A(H1N1)-vaccinated mothers, we found no support for an increased risk for early childhood morbidity following A(H1N1) vaccination exposure.
Children exposed in the first trimester were more likely to be hospitalized but not statistically significantly so. However, we recognize that first trimester vaccination was rare in our cohort and that lack of statistical power cannot be discounted as an explanation for this null finding. Residual Pregnancies eligible for study inclusion, exclusion criteria, and construction of the 2 study cohorts: 1 for pregnancies exposed to vaccination in the first trimester and 1 for pregnancies exposed to vaccination in the second or third trimester.
a Because it is possible to have more than 1 of the exclusion criteria, the numbers do not add up to 8177.
confounding is also a possible explanation for the small increase in risk we observed. Although we used propensity score matching with a wide range of baseline maternal characteristics, it is possible that confounding by indication is still present. Children exposed in the second or third trimester were not at an increased risk for hospitalization. These analyses were well powered statistically and we can exclude even small excess risks with a high degree of certainty. Instead, we observed statistically significant reductions in hospitalization risks of 7% for all hospitalizations until 5 years of age and 5% for the first hospitalization until 5 years of age.
In the analyses of specific diseases in childhood, we observed significantly increased risks for other infections, sepsis, and Sjögren syndrome. We have no obvious explanation for these effects. The risks for sepsis and other infections are unlikely to reflect increased susceptibility to infections in general or bacterial infections in particular because we saw no increased risk for meningitis and significantly reduced risks for upper respiratory infections and gastrointestinal infections. However, multiple testing cannot be discounted as an explanation; we analyzed 2 exposure windows and 23 outcomes. Indeed, taking multiple comparisons into account using the Bonferroni correction, no significantly increased risks for other infections, sepsis, and Sjögren syndrome were observed.
Given that infectious diseases comprise most hospitalizations in early childhood, this group of outcomes is responsible for the reduced risks observed in all hospitalization outcomes. Although a reduced risk for both laboratoryconfirmed influenza and influenzalike illness have been observed among infants of vaccinated mothers, 27 this effect is attributable to maternally transferred antibodies and is restricted to early infancy in contrast to the effects observed in our study, which persisted throughout early childhood and comprised infectious diseases other than influenzalike Cumulative incidences and hazard ratios of hospitalization comparing unexposed children and children exposed to vaccination in the first trimester (A) and second or third trimester (B). 
Strengths and Limitations
The main strength of our study was its comprehensive design with register linkage of individual-level data. Information on A(H1N1) vaccination and study outcomes was obtained through an independent nationwide database, with mandatory reporting improving the accuracy of information and reducing bias. We used a propensity score-matched design incorporating a large number of maternal characteristics to control for potential confounding. Our study also had a number of limitations. Vaccination was rare in the first trimester in our cohort, limiting the conclusions that can be drawn from our results. Although, we did include a wide range of maternal characteristics, we cannot exclude residual confounding, especially in the first trimester cohort, where vaccination was offered to mothers with chronic diseases and high-risk pregnancies. Our study attempted to describe early childhood morbidity in vaccinated and unvaccinated pregnancies. Our results are primarily applicable in the context of hospitalizations in general and the specific diseases we chose to include and to the monovalent inactivated AS03-adjuvanted split virion influenza A(H1N1)pdm09 vaccine used in Denmark. Given the continually changing composition of seasonal influenza vaccines, it will always be difficult to provide comprehensive postlicensure safety studies in a timely manner. However, with respect to current and future seasonal influenza vaccines, we believe it is reasonable to assume that our results contribute to the safety profiles of both AS03-adjuvanted and influenza A(H1N1)-containing vaccines used during pregnancy.
Conclusions
To our knowledge, this is the most comprehensive study to date of potential adverse effects manifesting after the perinatal period. We hope that other researchers can use the study as a template to explore early childhood effects of vaccination in pregnancy, an area of vaccine safety research that is almost completely unexplored.
In conclusion, our results support the overall safety profile of the influenza A(H1N1)pdm09 vaccine for use during pregnancy and support World Health Organization recommendations that pregnant women should be vaccinated with influenza vaccine. 
